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Nucleon Spin Structure

Spin Decomposition

1 1
(5,>=5=§AZ+AG+L¢,+LE

The overall spin of the proton must
derive from:

e AY: valence/sea quark
polarization ~ 0.3 from pDIS

e AG: gluon polarization

e L4 Quark/antiquark orbital
angular momentum
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e Lg: Gluon orbital angular
momentum
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Polarized Parton Distribution Functions

. Phys. Rev. D 80, 034030 (2009)
Spin Dependence 04 ‘

Afy(x, Q%) = foi (x, Q) — fy—(x, Q%)
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Experimental Determination b R B T oo
e Polarized DIS accesses Aq + Ag 0 1 0
distributions with high precision
0.02 “F —-0.02
e Separating contributions from valence
and sea quarks requires additional ool —— DSV 1 oo

hadron in final state (SIDIS) S e ‘ A ‘ ‘

o Large uncertainty in fragmentation
functions leads to large uncertainty on 'L j

sea quark polarization ool

LR AxP=1 (Lagr. multiplier) ]|~

e Gluon polarization is largely A 0= 10Gev?
I Ay’=1 (Hessian) L Q= e .01
C L L J L 0

unconstrained 004

107 0" x 107 0!«
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RHIC

Brookhaven National Laboratory

World's only polarized pp collider

— RHIC pC “CNI”
absolute pH polarimeters
polarimeter /
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Siberian Snakes

5% Snake

BOOSTER

Pol. Proton Source IAGS quasi-elastic polarimeter]

~
P00 MeV polarimeter| 200}) Snake XE Dipoles

Up to /s = 510 GeV with P ~ 60% in transverse or longitudinal orientation
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PHENIX Central Arm

2012

PHENIX Detector,
PC3

PC3  Central
c Wagnat TE

Aerogel

Beam View

West

e Energy measured in EM Calorimeter
(PbSc + PbGlI)

(DC) + Silicon Barrel (VTX)

PID with Ring Imaging Cherenkov
Counter (RICH)

In] <0.35, Apg =2x 5
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BOT=WeEL

Momentum/Tracking in Drift Chamber

ZDC South
=

Forward Muon Spectrometer

“ RPﬂB

ZDC North
=

MulD
North 4 “ “

‘“s

South Side View

18.5m =60 ft

Silicon strip tracking and vertexing
(FVTX)

Momentum measured in cathode strip
tracking chambers (MuTr)

uE 1D from larocci tubes interleaved
with steel absorbers (MulD)

12<|n <22, Ap =27



RHIC Spin

Recent Runs

Polarized proton runs

Recent Spin Runs 500
—— 250/255 GeV 2013 P=52%

450 [ === 100 Gev

e 2009: First 500 GeV longitudinal

e 2011: 500 GeV longitudinal

e 2012: 200 GeV transverse and

510 GeV longitudinal

e 2013: 510 GeV longitudinal run
Combined data from 2009-2013 100 2011 P= 48%
longitudinal runs provide a high statistics, “© / %Zz%%?z Piao, 2006 P58

_______ 2005 P=47%

high polarization sample for sea quark and ) ot P R T

gluon polarization studies 0 2 4 6 8 10 12 14 16 18 20
‘Time [wecks in physics]

400
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2009 P=34%
2012 P=59%

150 12 P =529
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Integrated polarized proton luminosity L [pb™]

Figures of Merit

e Single Spin Asymmetry FOM: L(P)?  High polarization is essential for an effective
e Double Spin Asymmetry FOM: L(P)* measurement of Arp
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Transverse Spin

S T ]

.60 <
Unexpected Results S e 1
40»A pp—=n X 4
e Collinear pQCD has small spin FY ppoiw X } { ]
dependence, i.e. no asymmetry 201-0-Pp=NX 4 1

e Large forward Ay has been observed of A ¢
since E704 (1998) F § Ty

o Still remains unexplained 20~ r 1
o Recently, thanks to RHIC, there has 40& t IR
H - ) 1]

been a large theoretical and ; 1
experimental effort Xe

1N - N}
N=— 5~ %
P NI+ N}
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Neutral Meson Ay (arXiv:1312.1995)

p+p 15=200 GeV
e 707 studied in both forward and

. |
central EM calorimeter at both 0 F (@) psp—>n®+X
200 GeV and 62.4 GeV 0050 JT
e Sizable asymmetry seen at forward E 5
rapidity O 87 La7- a0y g + 1 -
e Consistent with zero at central rapidity -0.05] oo 4 4} ‘
with unprecedented accuracy P ! %
0.1 0004
-0 | s
< r 04+ X C ! ! L 1 1
: p+p—)7! + <Z o.zj
F (b) p+p—on+X
0.15? @ PHENIX 7° 3.1<n<3.8 1 $=62.4 GeV 015} ©-0.35<7<035
[ A E704° \s=19.4 GeV E 0.20 0.35,%x 0
[ % STAR® <n>=3.3,15=200 GeV + 0.1 4 020 <hi<035x,>
041 % STARR <ip=37, 152200 GeV %( F v 0.20<mi<035,x <0
t + 0.055 [k
r 4 o & ol T l
0.05— ** i F A.‘ 4 1% | | I
u it -0.051
o d “I* * 0.1
LT | | | | L | L E L L L L L
01 02 03 04 05 06 07 08 0 2 4 6 8 10 12
X p,(GeVi/c)
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Gluon Polarization

Experimental Accessibility

Double Longitudinal Spin Asymmetry

A Ot — 04— Za,b,(_‘:q,‘:‘LgAfa ® Afb QA ® Dh/c
LL = = ~
O4t+ + 04— Za,b,c:q,:‘],gfa RfHR6Q Dh/c

or in terms of particle yield

A L Ny RN - =
T PePy Ny + Ny = -

where Py is the polarization of beam X and Versus
R is the relative luminosity 7 -
L Y y
R—
Ly

Sensitivity of Ay, to helicity PDFs depends on the selected probe as well as the dominant
production mechanisms at a given /s (i.e. qg scattering, gg fusion)
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70 ALl Analysis
7% 1D
e Trigger on high energy photon

e Remove background using EM shower
shape, ToF, charge veto

e Can eliminate charged hadronic
background, conversion background
remains

Asymmetry Extraction

e Divide into background and signal
mass regions

o Measure inclusive A;; under the mass
peak

e Estimate BG asymmetry using
sidebands on either side of 70 peak

0
~0+BG BG
o _ Al — AL Ngg

= , r=
Lt 1—r Ngg + N0
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Red: Signal+BG region|
Blue: BG region




70 ALl

Results

-1 e -
P3 PHENIX °l:<_| 0.02
Preliminary
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preliminary
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o -0.01

(G

L L
-0.08 2 4 6 8 10 12
P, (GeV/c)

-0.02 . DSSV

Favors a larger asymmetry than

predicted by DSSV -0.03- « Run5+6+9

Relative luminosity is a significant
systematic uncertainty, improved -0.04
understanding could provide significant
benefit to current results

-0.05 ol b b b b |
Submitting for publication in Phys. 2 4 6 8 10 12

Rev. D this week P, (GeV/c)
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Forward Cluster A;;

N,
e Forward EM Calorimeter (MPC) at & R
30<|n <38 7~ |
y RERREEEE
e ~~ from high energy 7° merge into g 1] o
clusters
o Clusters are estimated to be > 80% =° ) = [ o>
by simulation B et
e Run 13 statistical uncertainties will be “ =
O(10~%) and reach x ~ 1073 = o

£ PHENIX Prelimina
Run-2009 pp \s=200 GeV
8.8% Vertical Scale Uncertainty

N
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pT(GeVlc)
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Recent Results 7 p, (GeVic)
0 5 10 15
A G T T
®  PHENIX Prelim. =°, Run 2005-2009

PHENIX shift uncertainty
— DSSVi+for n
0.041~ w  STARPrelim. jet, Run 2009
STAR shift uncertainty
— DSSVa+ for jet

First Signs of Non-Zero AG

 PHENIX 70 data from 2005-2009 o
e STAR jet data from 2009 .
° Preliminary reSUItS in RHIC spin Write PHENIX / STAR scale uncertainty 6.7% / 8.8% from pol. not shown
up arXiv:1304.0079 i 20 %
Jet P, (GeVlc)

Truncated Integral :

o Included in new global fits (DSSV-++) o
that suggest a non-zero gluon

polarization in probed x range 10

0.2
Ag(x)dx =0.1 + %
5

Ay’= 2% in DSSV analysis
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Recent Results
Global Fit: DSSV+-+

1
1
2.
0 XAg s [Ag(x Q" dx
- Q*= 10 GeV? ° Xpnin
=08 ) 2
g Q =10 GeV
$RHIC 200 GeV g
0.1 : H 7 0.6

PRI (U NI SR RS

L e o e e e AL e

04
=+=+== DSSV 02
==~ - DSSV+
01 B DSSV+] 0
1 1 1 1 1
10 10" 107 107? 0!
X min

Outlook

e Large uncertainties remain in both the shape and integral of Ag(x)

e Unconstrained in the low x range where currently no data is available

o Improvements forthcoming from A;; measurements at 510 GeV and forward rapidity
14 of 23



Sea Quark Polarization

W Program
. . T 1 004
The W single spin asymmetry 04 AR pssv | [ xad E
w_ 1Ny — N 1
Al = = ——r R RRILRXRN
L P N N RIS
+ + — 0 00':,:‘:,;;0’0
RRER
<
has a direct connection to helicity PDFs 002
) . L 006
_ _ 07 0! 1107 0! 1
awt _ _Aula)dix) — Ad(x)u(xe) o o "
L = = = 004 | _ T T
u(x1)d(x2) + d(x1)u(x2) xal waoopb! | [ oxad RHIC 3

;./"2 S ;./'?/ S Projected RHIC impact on sea quark helic-
ity PDFs with 200 pb—1 of longitudinal pp
collisions at /s = 500 GeV
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. < 10°F
Central Arm W Analysis S T
8 L 3 b Emcal cluster associated with ack.
Ana |ys|s Deta | |S § i [ ssckoround uncertaimy estmation
e
e Jacobian peak at pr ~ my/ /2 in et pr F
e Background estimated with a power law 105
e Simulated signal peak 3
e Background rejection via relative isolation cut i+
¢ Improvements in background estimation in ST TTTTIT. e
10 20 30 50 60 0
progress
= E b 10’E
s F - Positive Charge S Y ccws i fsocwanmiojam
é r ~ EMCal cluster associated with track 8 F e cuser associted wih rack
Paly= - 10% Relative Isolation cut added o [ oo
% E - T 2k
E ‘ HER 5
r M PH-“ENIX r PRYENIX
L - e [
mzf ,7 +ﬂ+ preliminary [ PHEX
F 10
L * M f
" i H m } i
L i
SEI
SR IR L ‘\H Lol PSS P AT B B Loty
10 20 70 0 10 20 30 40 50 60 0
P2 [Gevic]
24 (GeVic)
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Muon Arm W Analysis

South arm u* candidates

Challenges
n bottom

~— direct photon

— onium

— n charm

e Highly suppressed/no jacobian peak at
forward rapidity

e Large single muon backgrounds:
S/B<1

e Fake high pr muons from hadronic
decay-in-flight

05 06 07 1

08 09
W likelihood ratio

Method
e Simulation driven multivariate cut f | 1f* E é§
using likelihood ratio for event Wy b | T -

selection - - e A
e S/B ratio estimation: unbinned - - A
maximum likelihood fit M I 1..,:

17 of 23




Combined Results

2009-2012

1.0
WHZ ot et
Included Results RUN 12: p#p at ¥5= 510 GeV. W1 P >16 Gev W eP,>30 GeV/
.5

%J @ = Af (2009-2012) -

AL

e Central W¥ — e*v. combined
results from Runs 9-12

e Forward W* — pFu,, from
Run 12

Outlook

e Run 13 analysis is nearing
completion

o Higher statistics data set allows
for better control of errors and
n dependence

~—
PH “ENIX ]
preliminary

e Previous measurements 100 . ,
L . 032 1 0 1 2
continuing to improve n.
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sPHENIX/ePHENIX

Proposed upgrade path for PHENIX to a future EIC at RHIC

arXiv:1402.1209

19 of 23




sPHENIX/ePHENIX

Optimized for jets, photons, and DY over a
large rapidity range (1 <7 < 4)

Design
e Built around the BaBar solenoid

e GEM based tracking
e RICH based PID

e EM and hadronic calorimetry 025
e Muon identification 02 [ Jossvos
. s Il cpHenix 10x250
Capabilities

0.1

e Low x reach for a definitive constraint Z o008
on AG 7
0

o Strange sea quark polarization through
K asymmetries -0.08|.
e Transverse Momentum Distributions ob
(TMDs) over a wide x range [ oromimetorstes L etoeert
10? 10"
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Conclusion

Summary
e PHENIX measures a variety of probes that access complementary aspects of the
nucleon spin structure
o First indication of a possible non-zero gluon polarization has been seen at RHIC

o First measurements for constraint of the sea quark polarization have been completed

Outlook
o A large statistics longitudinal data set has been collected in Run 13 and numerous
analyses are currently under way

e Recorded data will allow further constraints to be placed on both the gluon
polarization and the polarized sea quark distributions in the near future

e Transverse spin run planned for 2015 with pA

o e/sPHENIX upgrade currently under R&D and planning for precision measurement of
gluon polarization, strange quark polarization, and transverse spin phenomena
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Backup
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Experimental Challenges

Relative Luminosity

e Two nominally minimum bias, low
noise detectors are used for
luminosity monitoring

e Systematic uncertainty given by
discrepancy in RL as seen by the

two detectors H uiD
Outlook

e Going forward, high statistics Y South Side View  North
measurements will be systematics 185m =60 ft
limited by RL

e Systematic has historically
increased Run (ﬁ) JALL(SyS_)4

2005 (200 GeV) 2.5 x 10

e In Run 13 FVTX was modified to 2006 (200 GeV) 75 x 104

serve as a third detector to better 2009 (200 GeV) 13 x 10~ %

understand the discrepancy
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